A novel experimental technique based on in situ AFM monitoring of the mechanisms of damage and the strain fields associated to the slow steady-state propagation of a fracture in glassy polymers is presented. This micron-scale investigation is complemented by optical measurements of the sample deformation up to the millimetric macroscopic scale of the sample in order to assess the proper crack driving conditions. These multi-scale observations provide important insights towards the modeling of the fracture toughness of glassy polymers and its relationship with the macromolecular structure and non-linear rheological properties. This novel technique is first tested on a standard PMMA thermoplastic in order to both evaluate its performance and the richness of this new kind of observations. Although the fracture propagation in PMMA is well known to proceed through crazing in the bulk of the samples, our observations provide a clear description and quantitative evaluation of a change of fracture mechanism towards shear yielding fracture accompanied by local necking close to the free surface of the sample, which can be explained by the local change of stress triaxiality. Moreover, this primary surface necking mechanism is shown to be accompanied by a network of secondary grooves that can be related to surface crazes propagating towards the interior of the sample. This overall scenario is validated by post-mortem fractographic investigations by scanning electron microscopy.
nisms such as crazing and shear banding (Donald and Kramer, 1982) . Extensive 8 studies have been devoted to the modeling of the relation between the mechani-9 cal properties and the material composition and microstructure. Their main aim 10 was combining contributions from both macroscopic constitutive laws, mesoscale 11 damage mechanisms and molecular issues (Williams, 1984; Brown, 1991; Réthoré 12 and Estevez, 2013; Halary et al., 2011).
13
Although glassy polymers (i.e. with a glass transition temperature well above ambient temperature) can belong to different families with different macromolecular structures such as thermoplastics, thermosets and semicrystalline polymers, their macroscopic mechanical properties are qualitatively quite similar up to yield condition. These materials have a typical elastic modulus of E ≈ 1 GPa, a yield strength of about σ y ≈ 100 MPa, and a fracture toughness of about K c ≈ 1 MPa √ m. The size of the inelastic process zone at the crack tip is thus of the order of magnitude of the Dugdale length: 
27
This makes Atomic Force Microscopy (AFM) in situ investigations an ideal tool.
28
An adequate description of the deformation mechanisms requires the obser- 
54
The present study is focused on the study of PMMA since its mechanical and 55 fracture properties have been widely characterized. Slow crack propagation in
56
PMMA at ambient conditions has long been known to be dominated by crazing 57 on a micrometric region close to the crack tip. This consists of nanometric fibrils 58 being nucleated and drawn across the crack lips and providing extensive energy 59 dissipation and crack propagation resistance (Doll, 1983; Kramer, 1983 The DCDC sample was initially developed by Janssen (1974) to study slow 87 fracture in silicate glasses, which possess very high values for both Young mod-88 ulus E ≈ 70 GPa and yield strength σ y ≈ 10 GPa. The sample (Fig. 1a) consists 89 of a prism of dimensions 2L × 2w × 2t (corresponding to x, y, z directions) with 90 a cylindrical cross hole of radius R drilled through the specimen thickness 2t.
91
The sample is loaded with a compressive force F, and thus a compressive stress hole and the sample ends, the mode I stress intensity factor can be expressed in 103 the general form:
where f is a decreasing function of the crack length c and the sample width w. The crack initiation was implemented with the help of an instrumented razor 136 blade (Nziakou, 2015) by developing the techniques proposed by Idonije et al.
137
(1993) and Plaisted et al. (2006) . In a first step, two sharp triangular blades were typical DCDC cracks with parabolic crack front (in green in Fig. 2 ).
143
In order to minimize buckling and yielding during crack propagation while once again almost independent on the crack length (Hutchinson and Suo, 1992) .
199
Based on these considerations, we derive here a technique for the estimation of specimen geometries and crack lengths analyzed:
where E = E/(1 − ν 2 ) because plane-strain conditions are dominant in our speci- (GPC), the density is ρ = 1180 kg/m 3 after Nziakou (2015) .
235
During our experimental campaign we could obtain a successful crack initia- sample width is 2w = (7.2 ± 0.1) mm, the crack opening profiles u y (X) were 259 measured over the region of validity X < 2 mm of the Williams expansion (Eq. 2) 260 starting at the crack tip. Because of the very small crack opening (< 100 µm) the On the other hand, the resolution of the force measurements is clearly higher are also plotted to show the good consistency within the expected 10% accuracy.
301
The precision of the technique should be improved in the future for providing 302 more accurate measurements of the K Ic (v) curves of glassy polymers, which only 303 present weak velocity dependence at ambient temperature. However, the main 304 purpose of this section is to prove that we can robustly obtain a well conditioned damage zone occurring at the free surface of the DCDC sample (cf. 
324
On the one hand, the black region surrounding the crack tip in the optical 325 2 An AFM image is obtained by scanning a cantilever provided with a very sharp tip over a series of parallel lines that progressively form an image. When imaging in contact mode the AFM is in molecular repulsive contact with the sample surface and the deflection of the cantilever is measured to estimate the applied force. During the scan of each line, a feedback loop acts on the vertical position of the AFM head in order to keep the deflection of the cantilever constant to a given set point (Binnig and Quate, 1986) . The resulting vertical position of the head during the scan is used to form a height image, which is essentially a topographic image, provided the sample is stiff enough like PMMA. A second kind of image is also provided by recording the error signal of the feedback loop, i.e. the difference between the measured deflection signal and its setpoint value. In case of perfect imaging this error image should be flat and close to zero. On a practical point of view, this image contains both the instrumental noise (0.2 nm) and a signal which is closely related to the derivative of the height image along the scanning direction. These images are particularly useful to highlight fine surface imperfections while getting rid of smooth height variations.
images (cf. Fig. 5 ) can be seen as resulting from an extended "necking" of the 2 ) measured by AFM at the free surface of the sample. Note that the aspect ratio of the vertical axis is exaggerated by a factor 2 for better appreciating the topography of the necking region.
The optical measurements reveal that the surface necking region at the free sur-334 face of the sample extends about 300 µm ahead of the observed crack tip, which 335 is significantly larger than the typical 30-40 µm size generally observed for the 336 craze region in the middle of the sample (Doll, 1983) . However, an enhancement 337 and potential modification of the mechanisms of crack plasticity at the free sur-338 face should be expected (Kramer, 1983) . In order to proceed to a more systematic 339 characterization of this extended process zone region over its whole size, we po- 
371
A great care was taken in reducing AFM drifts (less than 10 pm/s, correspond-372 ing to 2 µm drift over the three day measurements). All the images could thus be are averaged out by the reconstruction procedure.
382
The first important remark is that the depression of the free surface caused by 383 the crack tip stresses has a very elongated shape, extended over 300 µm ahead (cf. Fig. 11 and the full movie in the SI), which mainly consist of a dense array 416 of crossed polishing lines. These lines are initially straight (Fig. 11 left) , and they 417 constitute a very convenient surface marking to track the in-plane surface defor-418 mations along the whole series of AFM images (cf. Fig. 11 right) .
419
Figure 11: Measurement of the strain field by tracking the shape of the polishing lines network. A limited series of remarkable lines has been highlighted in red and numbered in order to allow for an easier interpretation of the complex deformation field. Note that, once again, the AFM saturation region is visible in the middle of the right image, but this does not limit the tracking of individual lines, which vehiculates the kinematic information.
In order to provide a straightforward measurement of the 2D projected strain 420 tensor averaged over a gage length of about 2 µm, it is convenient to select a series (Fig. 10) . In the remaining part of the necking region, the material strain is 459 very small and elastic, except in the thin secondary grooves that will be described 
Interpretation of the main necking region

462
The main necking region that has been observed by both optical microscopy 463 and AFM to extend over 300 µm length and 20 µm width is now discussed. We 464 combine here the information on the surface strain field obtained by the tracking 465 of the polishing lines (Fig. 11) and the surface plastic strain profiles in the process 466 zone ahead of the crack tip (Fig. 12) . The main necking region presents essentially 467 along its surface a uniaxial extension field normal to the crack axis with a slow and 
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Since the measured stretches in the x − y plane are λ y = 1 + ε yy = 1.7 and λ x = 1, 504 the stretch in the vertical direction should be λ z = 1/λ y 0.6. The depth of the 505 region affected by the shear yielding can thus be estimated to about b = 10 µm, as 506 sketched in the left part of Fig. 13 . 4 We remark that the for a 4 mm thick sample, 507 the inner part of the sample affected by classic crazing mechanism (denoted as c 508 in the figure) constitutes the large majority of the thickness.
509
In order to test this scenario, a post-mortem investigation on the edge regions The sketch on the left represents the change of fracture mechanism at a depth b on the fracture surface (x − z plane, the parabolic crack front propagated in the upward direction). The SEM image on the right corresponds to the region highlighted in red, close to the external sample surface. In the first 9 µm region (denoted as b) the fracture surface properties are remarkably different from the rest of the fracture surface (denoted as c) indicating a change in the fracture process. The small region a on the extreme edge of the sample represents a side vision of the surface necking region observed by AFM in Fig. 8. ¿From the point of view of mechanics the characteristic 10 µm depth where the 518 change of mechanism is observed can be interpreted by the following arguments.
519
It is well known that in materials dominated by shear yielding all over the crack 520 front, like polycarbonate, the progressive loss of triaxiality when approaching the 521 free surfaces has the effect of modifying the shape and size of the shear yielding 522 process zone over a depth equivalent to the size of the process zone itself (as mea- Dugdale length) and the total thickness of the sample (Williams, 1984) .
532
In the case of PMMA, the reduction of stress triaxiality involves both a change 
551
It should be noted that for our millimeter thick samples the presence of these 552 micrometric surface layers does not affect significantly the effective toughness.
553
On the other hand, a stronger perturbation should be expected when the thickness 554 of the sample is reduced close to the transition range. 
575
Thanks to this information on the homogeneity of the strain field inside the 576 secondary grooves, we can extract some important complementary information 577 from the manual digital image correlation applied to a triplet that is progressively 578 crossed by one of these grooves that propagates parallel to the direction x of the 579 main crack axis, as shown in Fig. 15 .
580
In order to obtain a better estimate for the average nominal strain ε yy inside 581 these localization bands, the measured displacement difference ∆u y of the two 582 ends of the vertical segment crossing a secondary groove was divided by an es- 
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This order of magnitude is also consistent with the 10 µm depth of the surface 620 layer affected by the main necking region, which is the cause for these secondary 621 grooves.
622
The few micron propagation distance of these secondary surface crazes to- In the main crack the craze propagation close to the free surface is hampered In order to appreciate the high potential of this novel technique in discriminat-647 ing the deformation mechanisms in the process zone for different glassy polymers, 
654
This process zone mechanism is essentially the same as the one expected for the 655 crack propagation in the bulk, even if probably enhanced in size due to the surface 656 loss of triaxiality (Williams, 1984) . The absence of crazing in epoxies is generally 657 attributed to the high crosslinking density (Halary et al., 2011) . In the presence of 658 such a smooth strain field, the present technique can be enriched by the possibility 659 of computing the full strain field by digital image correlation. The AFM observations presented for PMMA reveal a very rich and unex-683 pected surface fracture pattern, which is quite different from the well known craz-684 ing behavior that occurs at the crack front in the bulk of the PMMA samples where 685 plane-strain conditions are prevailing (Doll, 1983; Kramer, 1983) . The analysis length in plane-strain as argued by Williams (1984) . While changes in the process 693 zone size are well known to occur in plane-stress surface layers (Williams, 1984) , 694 it is the first time to our knowledge that a clear observation of a global change of 695 mechanisms is reported at the surface of a thick sample.
696
The surface shear necking region presents a ten fold increased length with 697 respect to the craze in the bulk of the sample. The plastic strain field is shown 698 to affect only half of this length and it presents a very smooth evolution up to 699 70% plastic extension close to the crack tip. This is comparable to the maximum 700 plastic extension obtainable in uniaxial tensile tests on PMMA close to its glass The preliminary images reported for an epoxy resin confirm the general ap- 
